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University of Antwerp, Antwerp, BelgiumABSTRACT The charge versus voltage relation of voltage-sensor domains shifts in the voltage axis depending on the initial
voltage. Here we show that in nonconducting W434F Shaker Kþ channels, a large portion of this charge-voltage shift is apparent
due to a dramatic slowing of the deactivation gating currents, IgD (with t up to 80 ms), which develops with a time course of
~1.8 s. This slowing in IgD adds up to the slowing due to pore opening and is absent in the presence of 4-aminopyridine,
a compound that prevents the last gating step that leads to pore opening. A remaining 10–15 mV negative shift in the voltage
dependence of both the kinetics and the charge movement persists independently of the depolarizing prepulse duration and
remains in the presence of 4-aminopyridine, suggesting the existence of an intrinsic offset in the local electric field seen by acti-
vated channels. We propose a new (to our knowledge) kinetic model that accounts for these observations.Received for publication 8 December 2010 and in final form 24 January 2011.
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doi: 10.1016/j.bpj.2011.01.043Voltage-sensor domains (VSD) activate upon membrane
depolarization by moving from a resting to an active confor-
mation, and deactivate upon membrane repolarization by re-
turning to their resting state. In general, activation and
deactivation gating currents (IgA and IgD, respectively) are
asymmetric, with IgD being slowed down or speeded up
compared with IgA. In the well-studied nonconducting
W434F Shaker Kþ channel (1), IgD is slowed down with
a voltage and time dependence that correlates with pore
opening. It was recently shown that this slowing down is
promoted by intersubunit interactions that stabilize the
active/open state (2). In addition, when IgD is measured after
prolonged depolarization, the voltage dependence of the
charge versus voltage (Q-V) curve determined by inte-
grating IgD is strongly shifted (~50 mV) to negative poten-
tials. This phenomenon, called relaxation, has been
observed ubiquitously in voltage-gated channels (3–11),
and in the voltage-sensitive Ci-VSP, which does not possess
a pore, it develops concomitantly to a conformational
change of the VSD to a more stable (relaxed) state (3). In
the Shaker channel, relaxation was previously thought to
correlate with C-type inactivation (6,9). However, since
both ultrafast inactivating W434F Shaker channels and Ci-
VSP exhibit similar relaxation, this phenomenon was later
found to be an intrinsic property of the VSD that is indepen-
dent of C-inactivation (3).
We investigated the relaxation in Shaker channels in
detail by measuring gating currents from nonconducting
non N-inactivating W434F Shaker channels expressed in
Xenopus oocytes using the cut-open voltage-clamp tech-
nique (12). We measured IgA by pulsing from 120 mV
to more-positive voltages, and IgD by prepulsing to 0 mV
for various durations before applying a repolarizing pulse
to more-negative potentials (Fig. 1 A). The peak current of
deactivating Ig measured at 50 mV showed a dramaticdecrease in amplitude (Fig. 1 B) as the duration of the pre-
pulse increased, consistent with previous observations (6).
We calculated a weighted time constant (tw) for the de-
caying phase of Ig for each trace by averaging two time
constants obtained from a double exponential fit. The tw
versus V plot is bell-shaped (Fig. 1 C), reaching its
maximum value at the voltage that approximately corre-
sponds to the midpoint of the Q-V curve. The duration of
the conditioning prepulse has a dramatic, biphasic slowing
effect on the deactivating tw-values. We plotted the deacti-
vation tw-values obtained at 50 mV against the corre-
sponding prepulse duration and fitted the curve to
a double exponential function (Fig. 1 C, inset). The fit
provided a good correlation (R2 ¼ 0.997) with two time
constants, tf~4.3 ms and ts~1.8 s. The fast value, tf, is very
close to the time course of pore opening of conducting chan-
nels and thus corresponds to the open-pore stabilization
(2,13). Of interest, the slow value, ts, correlates well with
the time course of the reported Q-V shift (6) and the estab-
lishment of VSD relaxation (3). We observed similar results
in slow inactivating wild-type channels, which shows that
C-inactivation does not participate in the biphasic slowing
down of IgD (see Fig. S3 in the Supporting Material).
To investigate whether these slower-developing kinetic
changes of Ig are related to the reported Q-V shift, we
compared the Q-V curves obtained by 1), integrating the de-
activating Ig using the same integration time employed
previously (50 ms); and 2), using a longer integration time
of 300 ms. The results indicate that a ~40 mV Q-V shift,
similar to previous observations, is obtained with the short
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FIGURE 1 Kinetic properties of gating currents inW434FShaker
channels. (A) Pulse protocols for recording activation and deacti-
vation. (B) IgD at 50 mV measured after different prepulse dura-
tions Dt at 0 mV (in milliseconds; see protocol in panel A). In
each graph, the vertical bar represents 20 nA and the applied pre-
pulse duration is indicated. (C) Voltage dependenceof tw of IgD as
a functionof the indicateddepolarizingprepulsedurationDt, from
3ms (blue circles) to 30000 ms (red stars). tw values of IgA are
shown as black squares. (C, Inset) The values t are the tw of IgD
at 50 mV plotted against the prepulse duration and fitted to
a double exponential function. The fit gave two time constants
tf ¼ 4.3 5 0.7 ms and ts ¼ 1780 5 420 ms (R2¼0.997). The data
are representative of at least five independent experiments.
Biophysical Letters L29integration time. In contrast, the use of a longer integration
time shows only a moderate negative Q-V shift of 10–
15 mV (Fig. 2). The magnitude of this shift is identical to
that of the shift of the V dependence of deactivation tw,
which does not depend on the prepulse duration (Fig. 1 C).
This result indicates that in Shaker, the relaxation slows
down the return of the VSD, which would explain the previ-
ously reported apparent immobilization.
Because this 10–15 mV negative shift in the V depen-
dence of Q- and tw-values is independent of the depolariz-
ing prepulse duration, it could result from conformational
changes associated with pore opening at the bundle-crossing
region, which are maintained in fast-inactivating W434F
channels (13). To test this hypothesis, we measured IgA
and IgD in the presence of 1 mM 4-aminopyridine (4-AP)
to block the late gating transitions that lead to pore opening,
without preventing most of the VSD movement (14). We
measured IgD by using a 30 ms depolarizing prepulse to
0 mV or by using a holding potential of 0 mV and pulsing
every minute. Under the latter conditions, the relaxation
(which is established within the order of seconds) would
have enough time to develop fully between each pulse.
We found no difference in IgD kinetics using these two
different protocols (Fig. 3). However, the kinetics were ~1
order of magnitude faster in the presence of 4-AP than in
its absence, in similarity to previous observations (14).
Because no slowing down of IgD is observed upon pro-
longed depolarization, we conclude that the relaxation
cannot take place from the active/voltage sensor but pore-
closed state of the channel (which is the state favored by
4-AP at 0 mV).Q/Qmax
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FIGURE 2 Depolarization-induced apparent Q-V shift. Q/Qmax
curves were determined using the indicated activation (open
squares, n ¼ 7) and deactivation (solid symbols, n R 4) proto-
cols. For deactivation, the duration of the depolarizing prepulse
Dt was 30ms (circles) or 30000ms (triangles and diamonds).The
total Q during deactivation was calculated with integration times
of 300 ms (black circles and triangles) or 50 ms (red diamonds).
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FIGURE 3 The weighted time constant (tw) of the gating
currents were determined during activation (blue symbols),
deactivation from a 0 mV holding potential (red symbols), or
deactivation after a 30 ms prepulse to 0 mV (black symbols) in
the presence (solid symbols, nR 4) or absence (open symbols,
n R 6) of 1 mM 4-AP.
L30 Biophysical LettersOf interest, in the presence of 4-AP, the V dependence of
IgD and Q (see Fig. S4) undergoes a 10–15 mV negative
shift as compared to the activation tw, which is identical
to the shift discussed above. Because 4-AP speeds up the
IgD kinetics by ~1 order of magnitude, the observed shift
of the tw and Q-V curve is unlikely to be due to an unde-
tected slow component of Ig, although we cannot entirely
exclude the possibility of a buried gating fraction. A possible
explanation for this observation is that the fifth and/or sixth
charged residues of the S4 segment (which do not contribute
to the Ig) polarize the electric field when the VSD is in an
active position, thus offsetting the local field seen by deac-
tivating VSD.
The results presented here show that the VSD relaxation
in Shaker produces a dramatic slowing down of the gating
kinetics rather than a negative shift of the Q-V curve. Our
results also strongly suggest that the relaxation occurs
only from fully activated (bundle-crossing open) channels.
The fact that the relaxation occurs only after pore opening
where all the gating charge has moved indicates that the
changes in the magnitude of the deactivation tw must occur
via a separate pathway during repolarization. These results
are predicted by the basic model proposed for the Na
channel and Ci-VSP (3,4).
To account for all the observations presented here, we
fitted a more elaborate kinetic model to the data. In this
model, the deactivation of the VSD follows a different
pathway due to the change in the apparent voltage sensedBiophysical Journal 100(5) L28–L30after the active state is reached. Longer depolarizations
lead to channel opening, and by maintaining the depolariza-
tion, the channel evolves to the relaxed state by a voltage-
independent transition. As in the original models (3,4),
hyperpolarization recovers the original state by a separate
pathway (see Supporting Material).SUPPORTING MATERIAL
One table and four figures are available at http://www.biophysj.org/
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